Induction of neonatal tolerance leads to a profound reduction in cytotoxic T-lymphocyte precursor frequencies against the tolerated alloantigen ("tolerogen") as evaluated by limiting-dilution analysis. The curves obtained were linear within the range tested and, thus, did not yield evidence for any dissociation of cytotoxic precursors from regulatory cell populations. However, it could be shown that cytotoxic T-lymphocyte precursor frequencies against the tolerogen increased drastically if the tolerant spleen cells were adsorbed, prior to limiting-dilution culture, on monolayers of syngeneic blasts expressing receptors for the tolerogen but not if they were adsorbed on syngeneic blasts against third-party antigens. This finding implies that cytotoxic precursor cells against the tolerogen are not clonally deleted in tolerant animals but rather are suppressed by a regulatory cell population that is present at high frequency and presumably acts in an anti-idiotypic fashion.
Confrontation of the developing lymphoid tissues of newborn mice with foreign transplantation antigens can specifically abolish subsequent responses to these antigens (1) . This neonatal induction of tolerance is completely specific for the donor antigens and demonstrable in all assays of alloreactivity. In particular, the failure to detect the development of cytotoxic cells against donor antigens in vitro has lent support to the notion that potentially alloreactive clones are deleted in tolerant animals (2) . In a report by Nossal and Pike (3), functional clonal deletion was observed also by using a limiting-dilution analysis, which in other systems has revealed a dissociation of specific precursor cells from the influence of regulatory cell populations (4) . However, under conditions of numerical excess of suppressor cells, there is no reason why limiting-dilution analysis should necessarily reveal a dissociation between regulatory and effector cell function. Only experiments that selectively perturb the function of suppressor cells can unambiguously reveal interactions of this kind. Many laboratories now have demonstrated active suppression of alloreactivity in tolerant rats and mice (5) (6) (7) (8) . It is shown in this paper that, under appropriate conditions, suppression can be removed to reveal substantial numbers of cytotoxic T lymphocytes (CTL) reactive against the tolerated alloantigen ("tolerogen").
MATERIALS AND METHODS
Animals. CBA/H (H-2:KkIkDk), ( Cytotoxic Assay. For the assay, the plates were spun, the medium was flicked off, and 200,ul of 'ICr-labeled P815 (H2d) target cells (5,000 per well) were added. After a 4-hr incubation period, the plates were spun again, and 100-,lI aliquots of supernatant were removed for assay of radioactivity in a gamma counter. Cultures showing lysis >3 standard deviations above the mean of the spontaneous release control (wells containing stimulator cells only) were determined as positive. Cytotoxic T-lymphocyte precursor (CTL-P) frequencies were calculated by the statistical method of x2 minimization as described by Taswell (9) . Only experiments which showed P > 0.05 were accepted.
Adsorption on Monolayers. The adsorption technique used was a modification of the original method described by Schnagl and Boyle (10) . A mixed lymphocyte reaction of normal CBA responders against (CBA x A)F1 stimulator cells was set up, and activated cells were harvested 2-3 days later. The cells were washed extensively in serum-free medium, adjusted to 1-2 x 107 cells per ml, and then incubated on 35-mm-diameter Petri dishes (Nunc) that had been coated with poly(L-lysine) (Sigma, 50 ,ug/ml) for 1 hr. Nonadherent cells were washed off with medium containing 10% fetal calf serum, and the monolayers were subsequently irradiated with 3,000 rad; 6 x 106 spleen cells per Petri dish from normal or tolerant donors were incubated on the monolayers for 1 hr. Thereafter, the nonadherent cell population was carefully removed with a Pasteur pipette, avoiding disruption of the monolayers, and subsequently cultured under limitingdilution conditions. Recoveries of cells after adsorption varied from 70% to 95% for normal cells and from 60% to 90% for tolerant cells.
Monoclonal Antibodies. Monoclonal anti-Thy-1.2 (clone FD7) and anti-Thy-1.1 (clone 2) derived by P. Lake and provided by E. Simpson were used at a final dilution of 1:500. To avoid participation of activated monolayer cells in the subsequent culture, the monolayers were irradiated with 3,000 rad before they were incubated with tolerant or normal spleen cell suspensions. As shown in Fig. 2 , the CTL-P frequency of normal cells against the tolerogen was 1/11,000, whereas tolerant spleen cells contained only 1/65,000 CTL-P. Adsorption on the blast monolayers did not markedly alter the CTL-P frequency of normal cells (1/8,400). However, it caused a substantial shift in reactivity in spleen cells from tolerant animals to a CTL-P frequency that was in the range of the CTL-P frequency of normal mice (1/14,500). The adsorption did not influence CTL-P frequencies of normal and tolerant cells against third-party antigens (data not shown).
RESULTS

Limiting
Adsorption of Cells from Skin-Grafted Normal and Tolerant Donors. The possibility had to be excluded that the increase in CTL-P observed in tolerant spleen cells after adsorption reflects a state of incomplete tolerance, which is sufficient to cause decreased in vitro reactivity but might nevertheless be insufficient to prevent skin-graft rejection (15) . To test this, tolerant CBA and normal littermates were grafted with strain A skin, and CTL-P frequencies were determined before and after adsorption ( Table 2) . Spleen cells from a normal CBA mouse that had rejected its graft on day 15 contained 1/8,800 CTL-P precursors before adsorption and 1/10,900 after adsorption on CBA anti-strain A monolayers. The tolerant CBA had retained its graft in perfect condition on the day of testing (51 days after grafting), and its spleen cells contained only 1/93,600 CTL-P against strain A. However, monolayer adsorption of these cells revealed a substantial increase in the CTL-P frequency to 1/34,900. Consequently, it can be excluded that the effects of mono- Table 3 , CTL-P frequencies of spleen cells from tolerant CBA against strain A increased from 1/145,000 to 1/53,000 after adsorption on CBA antistrain A blast monolayers (Table 3 , experiments B and C). An unrelated monolayer of cells reactive against H-2q antigens (CBA anti-BlO.G) did not significantly alter the CTL-P frequency of tolerant CBA against strain A (1/125,000; Table  3 , experiment D).
Reactivity of Irradiated Monolayer Blasts. In no case did the irradiated monolayer population in the presence of stimulator cells and interleukin-2-containing supernatants survive the additional 6 days of culture period and generate positive cultures. Furthermore, the possibility that monolayer cells might be rescued from the effects of irradiation by coculture with normal cells to perform cytotoxic function has been excluded. To test this possibility, combinations of cells congeneic for Thy-1 were used, and CTL were lysed with anti-Thy-1 monoclonal antibodies and complement. CBA (Thy-1.2)-anti-strain A 3-day MLR blasts were cultured under limiting-dilution conditions either alone or in the presence of nonirradiated strain A (Thy-1.1) cells with strain A ,000 CTL-P frequencies against strain A were determined for normal CBA spleen cells (group A) (P > 0.3) as well as for tolerant CBA spleen cells before adsorption (group B) (P > 0.2) or after adsorption on CBA anti-strain A blast monolayers (group C) (P > 0.2) or CBA anti-B1O.G (H-2q) monolayers (group D) (P > 0.2). The normal and tolerant CBA tested in this experiment were 6 months old.
(Thy-1.2) irradiated stimulator cells. At the assay stage, all cultures were split into three parts and treated with complement alone or with either anti-Thy-1.2 and complement or anti-Thy-1.1 and complement. The results, expressed as the percentage of negative cultures, are given in Table 4 . As controls for the efficacy of the treatment with monoclonal antiThy-1 antibodies, nonirradiated CBA anti-strain A MLR blasts (Table 4 , group A) stimulated against strain A (Thy-1.2) cells at limiting dilution showed a dose-dependent increase in the percentage of negative cultures with decreasing responder cell numbers. Their reactivity was abrogated by treatment with anti-Thy-1.2 and complement, whereas antiThy-1.1 treatment had no effect, showing the same number of negative wells as with the complement-treated controls. Irradiated CBA anti-strain A blasts (Table 4 , group B) did not generate any positive cultures. In group C, irradiated CBA anti-strain A blasts were cultured in the presence of a constant number (4 x 104 per well) of nonirradiated strain A (Thy-1.1) cells with strain A (Thy-1.2) stimulators. Some apparently self-reactive positive cultures were generated, the specificity of which remains undefined, but one indication that this activity does not stem from the irradiated monolayer population was the fact that no titration was to be seen. This was confirmed by the anti-Thy-1 treatment, which established that the reactivity stemmed exclusively from the nonirradiated strain A (Thy-1.1) population because treatment with anti-Thy-1.1 and complement abolished all activity while anti-Thy-1.2 was ineffective.
DISCUSSION
The data presented in this study demonstrate the presence of CTL-P against the tolerogen in spleen cells from neonatal mice rendered tolerant. Tolerance was defined by low numbers of CTL-P in untreated tolerant spleen cells in accordance with the results of Nossal and Pike (3), who showed that neonatal induction of tolerance resulted in a rapid reduction of CTL-P frequencies against the tolerogen in thymus and spleen to about 3-10% of levels in normal mice. In addition, complete tolerance was monitored by the more conventional means of skin-graft survival.
The absolute CTL-P frequencies measured for normal animals appear to be lower than expected for an alloantigenic difference. However, it has to be considered that in the particular strain combination studied, no I region incompatibil ity exists. Comparable data in the literature by Pimsler and Forman (16) show a frequency of 1/10,000 for an H-2 Dd alloantigenic difference, whereas MacDonald et al. (17) report a mean frequency of 1/1,200 for D locus disparities. However, these data involved strain combinations with additional third-party I region differences that might have contributed to the higher frequency.
It could be shown that CTL-P in spleen cells from nonskin-grafted and skin-grafted tolerant animals could be freed from the influence of suppression by adsorption on monolayers of syngeneic MLR blasts bearing receptors for the tolero- gen. This treatment prior to limiting-dilution culture revealed substantial numbers of CTL-P against the tolerogen. These findings seem to be in contrast to other reports in the literature in which the mechanism of tolerance was investigated by using the limiting-dilution technique. In these studies as well as in the present one, the limiting-dilution curves obtained were linear and applied to zero-order kinetics, which indicates that only one cell type was limiting for the response. This constituted one argument in favor of a mechanism of functional clonal deletion rather than of active suppression (3, 18) . On the other hand, it cannot be excluded that the frequency of suppressor cells in these cultures is so high that they cannot be isolated from cytotoxic precursor cells by the means of limiting dilution. In accordance with this interpretation, only specific removal of suppressor cells with the aid of the monolayer adsorption technique prior to limiting-dilution culture could reveal the presence of CTL-P in tolerant spleen cells.
On the other hand, a low number of CTL-P against Dd 
